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Non-Fermi Liquid Behavior in Dilute Quadrupolar System Pra;Lai__^Pb3 

with x<0.05 
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We have studied the low-temperature properties of Pra;Lai_a;Pb3 with non-Kramers Fa 
quadrupolar moments of the crystal-electric-field ground state, for a wide concentration range of 
Pr ions. For a;<0.05, the specific heat C/T increases monotonically below T=1.5 K, which can 
be scaled with a characteristic temperature T* defined at each concentration x. The electrical 
resistivity p{T) in the corresponding temperature region shows a marked decrease deviating from 
a Fermi-liquid behavior p{T)(xT^. The Kondo effect arising from the correlation between the 
dilute Fs moments and the conduction electrons may give rise to such anomalous behavior. 
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During the past decade, several U and Ce-based com- 
pounds have been reported to show a non-Fermi-hquid 
(NFL) behavior with the unusual temperature depen- 
dence of the electronic specific heat and the magnetic sus- 
ceptibility, which are clearly inconsistent with the Fermi 
liquid theory. Two quite different scenarios have been 
proposed, (i) The competition between the Kondo effect 
and the RKKY interaction for the /-electrons is thought 
to play an important role in the NFL behavior. Hence it 
has been observed near the quantum critical point where 
the ground state changes from an antiferromagnetic or- 
dering or a spin glass state to a nonmagnetic one.^'^) (ii) 
Contrary to the case mentioned above, a single-ion mul- 
tichannel Kondo effect arising from the overscreening of 
the spin S of the 4/- or 5/-electrons due to the N scatter- 
ing channels of the conduction electrons, with N > 2S, is 
proposed to lead to the NFL behavior. Cox showed that 
the two-channel Kondo effect can be realized in (5/^) 
ions at a site of cubic symmetry with the crystal-electric- 
field (CEF) ground state of a non-Kramers F3 doublet, 
that is referred to as the quadrupolar Kondo effect.^) 
The F3 doublet has no magnetic moments, but it has 
electric quadrupolar moments which can be described 
by pseudospin moments with S = 1/2. Thus the cor- 
relation between the F3 doublet and the charge of the 
conduction electrons involves two electron channels, giv- 
ing an overcompensation of the F3 quadrupolar moment 
by conduction electrons below a characteristic temper- 
ature Tk in the quadrupolar Kondo effect. This leads 
to the NFL behavior such as InT-dependence of the spe- 
cific heat and the quadrupolar susceptibility, in addition 
to VT-dependencc of the electrical resistivity.'^''*) More- 
over, the residual entropy in the ground state is l/2i?ln2. 

Seaman et al. reported that Y0.8U0.2Pd3 shows an 
NFL behavior, and ascribed the results to the quadrupo- 
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lar Kondo effect.^) After their study, a number of U- 
based compounds have been reported to show an NFL 
behavior.^' ^) However, there remain several questions to 
understand the NFL behavior in these systems within 
the framework of the quadrupolar or two-channel Kondo 
effect.8'9) 

Pr-based compounds are good candidates to study the 
quadrupolar Kondo effect, since the CEF level scheme of 
Pr'^+ is the same as that of U^"'" as long as it is in the same 
crystal field symmetry. The study focusing on the fluctu- 
ation of the r3 quadrupolar moments in Pr-based com- 
pounds was carried out in PrInAg2, for the first time.**^) 
It showed no quadrupolar ordering (QPO) down to 50 
mK, but a T-linear variation of the specific heat with 
a very large value of C/T 6.5 J/mol K^), which is 
different from the InT-dependence. Recently, supercon- 
ductivity was discovered in PrOs4Sbi2 , in which the pair- 
ing interaction was discussed in terms of the fluctuation 
of the r3 moments.*^) However, clear experimental ev- 
idence on the correlation between the r3 moments and 
the conduction electrons has not been obtained so far. 

We have studied the low-temperature properties of 
Prj;Lai_a;Pb3 with a non-Kramers r3 doublet in the CEF 
ground state by changing x to clarify how the fluctuation 
of the r3 moments is suppressed at low temperatures. "'^^^ 
In this paper, we report the observation of NFL behav- 
ior in C/T and the electrical resistivity in a very dilute 
region of the r3 moments for x<0.05, which is likely as- 
cribed to the correlation between the r3 moments and 
the conduction electrons. 

The magnetic properties of the host system PrPb3 
have been studied extensively. The ground state is a 
r3 doublet and the first excited state is a r4 triplet with 
an energy difference of 19 K from the ground state. 
Antiferro-QPO appears at T =0.4 K. Both PrPb3 and 
LaPb3 have the AuCu3-type cubic structure with the 
lattice parameter a = 4.867 A and 4.903 A, respectively. 



2 



Thus La ions can be substituted for Pr ions withou 

change in crystal symmetry for any concentration. 

The samples of Pr2;Lai_j;Pb3 arc prepared by 
Bridgeman method. From the powder X-ray diffract 
pattern, the crystal structure is confirmed to be cul 
The magnetization and the magnetic susceptibility 
measured by a Quantum Design SQUID magnetomel 
The specific heat is measured by a heat piilse methi 
and the electrical resistivity by a Linear Research LR' 
four-wire ac resistance bridge, using polycrystalline sa 
pies. 

The main results for the Pr concentration of 0.2<x 
were reported in a previous paper. For a wide rai 
of Pr concentration, the QPO is absent, and instead 
low-temperature specific heat shows a T-linear variat 
with a large coefficient, similarly to PrInAg2, which ( 
be reproduced by the model for amorphous materi 
with a random configuration of two-level system (RTI 
with the maximum energy splitting i?o/fcB~3 K. T 
implies that the fluctuation of the Pa moments is si 
pressed by the formation of RTLS. The ground st 
with the T3 doublet in the CEF level scheme does ] 
change for the Pr concentration down to x=0.2. T 
is consistent with the fact that Eq/Ub, which refle 
the maximum distortion of the CEF due to La ions 
much smaller than the energy splitting between the C 
ground state and the first excited state in PrPba. 

The temperature dependence of the magnetic suscep- 
tibility for the Pr dilute region (a;<0.05) is qualitatively 
the same as that for the Pr concentrated region {x>Q.l). 
Figure 1 shows the temperature dependence of the mag- 
netic susceptibility for a;=0.05 measured at iJ=0.3 T. 
The susceptibility is well reproduced by the CEF level 
scheme with the doublet in the ground state, as de- 
scribed by a solid line in Fig. I, such as the case for 
a;>0.2. The Van Vleck susceptibility is in good agree- 
ment with the results obtained by Bucher et al}^^ The 
increase in the susceptibility below 5 K is considered to 
come from a small modification of the CEF levels due to 
the La ions, discussed in a previous paper. In addition, 
there may be a contribution from the correlation between 
the Fa moments and the conduction electrons, which 
will be discussed later. The magnetization curve at 2 K 
is shown in the inset. It indicates that the ground state 
of the CEF level does not change up to 5 T. 

The temperature dependence of the specific heat in 
Pra;Lai_a;Pb3 for x<S).\ is shown in Fig. 2(a), together 
with the data for the reference compound LaPbs. A clear 
anomaly due to a superconducting transition of LaPbs is 
seen in each curve. The superconductivity is suppressed 
with increasing Pr concentration as shown in the inset 
of Fig. 2(b). The concentration dependence of Tq in 
the present experiment is in good agreement with pre- 
vious results, and implies that Pr^+ ions are in the 
nonmagnetic Fa state. 

Below 1.5 K, one can see a distinct hump of the spe- 
cific heat in Prj^Lai-^^Pbs, which grows with the Pr con- 
centration. In Fig. 2(b), we show AC/T plots on the 
logarithmic scale of temperature, where the background 
contribution is estimated from the specific heat of LaPbs, 
and is subtracted from that of Pra;Lai_a;Pb3. This es- 
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Fig. 1. Temperature dependence of the susceptibility for x = 
0.05. The solid line represents the calculation based on the CEF 
level scheme. The ground state is Fa and the first excited state 
is F4 with the energy splitting of 8.7 K. The next state is F5 
with the energy splitting of 14.4 K from the ground state. Inset: 
The magnetization curve for x = 0.05 at 2 K. The solid line is a 
guide to the eye. 



timation does not take into account the correction from 
the superconducting electrons. Thus a small anomaly is 
observed, around 2.2 K for x =0.1, for example. In the 
following discussion below 1.5 K, however, the specific 
heat due to the superconducting electrons is considered 
to be negligible, because it is much smaller than the ad- 
ditional specific heat due to Pr ions. 

AC/T for X =0.1 is in agreement with the curve es- 
timated by the RTLS model with the maximum energy 
splitting Eo/kB='2.3 K, as in the case for the Pr con- 
centration of 0.2<a;<0.9. On the other hand, AC/T for 
a;<0.05 increases monotonically below 1.5 K and cannot 
be reproduced by the RTLS, which is entirely different 
from that for a;>0.1. For a;=0.05, a slight hump is seen 
around 0.4 K, which can be ascribed to traces of the 
RTLS. In contrast, a small upturn below 0.2 K for a::=0.1 
can be caused by the same origin as that for a;<0.05. It 
is apparent that anomalous AC/T does not come from 
impurity ions or magnetic ordering of Pr ions, because 
the temperature dependence of the anomalies is not so 
sensitive to the concentration. A Schottky specific heat 
from the splitting of the Pr nuclear spin state due to 
the hyperfine magnetic field is also ruled out, because 
the temperature dependence of the anomaly is clearly 
different from the Schottky one. 

It was found that the data is scaled with a character- 
istic temperature T* as shown in Fig. 3, where T* is 
taken to be 1 K for x=0.05, 0.65 K for x=0.03 and 0.40 
K for a:=0.01. This indicates that the NFL behavior with 
the enhancement in AC/T for a;<0.05 is understood as 
a single-ion effect of the Pa moment and does not come 
from the superpose of the Schottky specific heat due to 
the splitting of the moments. T* changes exponen- 
tially as shown in the inset of Fig. 3, which suggests that 
the increase in T* with the concentration x is explained 
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Fig. 2. (a) Temperature dependence of the specific heat. Prom 
top to bottom: x = 0.1, 0.05, 0.03, 0.01, and a reference com- 
pound LaPb3. (b) AC/T plotted on a logarithmic temperature 
scale for x = 0.1, 0.05, 0.03, and 0.01, where the specific heat 
is normalized by the Pr concentrations and the background con- 
tribution estimated from the specific heat of LaPbs below 4 K 
is subtracted. Inset: Pr concentration dependence of the super- 
conducting transition temperature of LaPba . 



by the increase in hybridization width due to the com- 
pression of the lattice by increasing the concentration x. 

Let us compare the present experimental results with 
the theoretical calculation from the S =1/2 two-channel 
Kondo system, because the scaling behavior of AC/T 
may be related to the quadrupolar Kondo effect. The 
data, however, cannot be reproduced by the two-channel 
Kondo theory as plotted by the lower dashed line in Fig. 
3, where the Kondo temperature Tr- is assumed to be 
Tk/T*=2. The entropy change for a;<0.05 from 0.1 K 
to 2 K is about 0.8i?ln2. Already at 2 K, it exceeds 
l/2i?ln2 which is the theoretical prediction. 

The CEF level of the Pr ions is distorted by the La 
ions as shown for a;>0.1. This means that the La ions 
induce the strain fields at the Pr sites. The strain field 
in the quadrupolar system corresponds to the magnetic 
field in the spin system. Thus the present results 
should be compared with the two-channel Kondo theory 
under strong magnetic fields. The maximum splitting 
Eo/kB=2^3 K suggests that the strain field, i.e., the 
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Fig. 3. ACT*/T versus log(T/r*). T* is taken to be 1 K for 
x=0.05 (red), 0.65 K for a:=0.03 (blue) and 0.40 K for x=0.01 
(black). The lower dashed line is the theoretical calculation 
for Tx /T* =2 in the two-channel Kondo theory and the up- 
per dashed line that for fj,oH/kBTK=^ with Tk jT* =1 obtained 
from ref. 16. Inset: y(x)/y(0) versus InT*. The volume V{x) 
is estimated from the lattice parameter. The dashed line is a 
linear fit to the data. 



magnetic field, is of the same order as the Kondo tem- 
perature. The upper dashed line in Fig. 3 is obtained 
by assuming TkIT*=2 for noH/ksTK^'^ in the theoret- 
ical calculation, which indicates that the data may be 
reproduced by choosing optimum fields and Tk- 

We measured the electrical resistivity of Vix^H'i-xP^?, 
to investigate the scattering of the conduction electrons 
by the Fa moments. The temperature dependence of 
the resistivity p{T) higher than 10 K can be explained 
by the scattering between the conduction electrons and 
phonons and/or CEF excitations, and gives a residual re- 
sistivity ratio p(300 K)/p(10 K)-40. Figure 4(a) shows 
the magnetic field dependence of p{T) for a;=0.05. At 
H—Q T, the sudden drop at ^7 K is due to a super- 
conducting transition of the Pb phase, and the drop at 
~4 K is due to a superconducting transition of LaPba. 
At H>0.2 T, the two-step transition disappears. At 
higher temperatures, p(T) follows the Fermi-liquid rela- 
tion p{T)^po+AT'^ with 74=0.0018±0.0002 {pQcm/K'^), 
whereas it deviates from a dependence at a certain 
temperature To and decreases markedly with lowering 
temperature. To, e.g., 4.5 K at H=l T and 2 K at H=4 
T in Fig. 4(a), is apparently higher than the supercon- 
ducting transition temperature of Pro.osLao.gsPba in the 
respective magnetic fields expected from the susceptibil- 
ity and specific heat measurements. This demonstrates 
that the decrease does not come from the superconduc- 
tivity of LaPba. Similar features of the marked decrease 
in p{T) are observed for a::=0.03.^*-' PiT) in the lower 
fields becomes constant or ^0 (/ificm) at the lower tem- 
peratures, which is probably ascribed to the supercon- 
ductivity of LaPba. 

We confirmed that the superconductivity of the Pb 
phase is not responsible for the decrease below To for 
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Fig. 4. (a) p{T) at i?=0 T, 0.2 T, 1 T, 4 T, and 6 T. (b) Concen- 
tration dependence of p{T) for a;=0.8, 0.2, 0.05, and 0.03 under 
a magnetic field of 2 T. 



at least H>1 T from the measurements with increasing 
thickness of the Pb phase/®^ which is consistent with the 
results for PrPbg^o) and CcPbs.^i) Fi gurc 4(b) shows 
p{T) for X =0.8, 0.2, 0.05, and 0.03 at H=2 T. The 
nature of the scattering of the conduction electrons by 
the Fa moments in the Pr dilute region seems to differ 
from that in the Pr concentrated region. For x =0.8 and 
0.2, the fluctuation of T3 moments is mainly suppressed 
due to the formation of RTLS, as we discussed in rcf. 12. 
Therefore To can be suppressed down to ~1.5 K and 
the decrease below To is a little. On the other hand, 
for x=0.05 and 0.03, the conduction electrons correlate 
with the fluctuating F3 moments below Tjj, leading to 
the marked decrease of the resistivity. If the fluctuation 
of the Fa moments were suppressed due to the formation 
of the two-level system as in the case for x =0.8 and 0.2, 
Td and the magnitude of the decrease below Tjj should 
change monotonically with the Pr concentration. 

The Pr concentration dependence of the specific heat 
and resistivity is probably explained by considering the 
nearest-neighbor ion of a Pr site. The probability that 
at least one of the six nearest-neighbor sites is occupied 
by a Pr ion (=1— (1 — x)^) is ^50% for a;=0.1, suggest- 
ing that the distortion is still large. On the other hand, 
the probability for a;=0.05 decreases down to ~25%, im- 
plying that the environment for Pr ions becomes fairly 
isotropic. In the Pr dilute region, therefore, the fluc- 



tuation may be suppressed via the correlation with the 

conduction electrons. 

From the results of the resistivity, it seems reasonable 
to suppose that the Kondo effect arising from the corre- 
lation between the F3 moments and the conduction elec- 
trons gives rise to the scaling behavior in AC/T. How- 
ever, the quantitative analysis of the experimental re- 
sults has not yet been carried out. p{T) below Tjj shows 
a power law behavior p{T)— Pq(xBT" . The value of n 
seems to vary with the temperature range, for example 
n=0.5 in 1.7<r<2.4 K with B= 0.28 (^17cm/K"-5) and 
n=l in 0.6<r<1.5 K with B=Q.lO{pncm./K) for x=0.05 
at H=2 T of Fig. 4(b). Further experimental study and 
theoretical analysis taking accoTint of the strain field and 
the magnetic field are needed to elucidate the features of 
the resistivity and the specific heat. 

In summary, we have studied the low-temperature 
properties of Prj;Lai_j;Pb3 with the CEF ground state 
of a non-Kramers Fa doublet for a wide concentration 
range of Pr ions. It was found that the temperature de- 
pendence of the specific heat and the electrical resistivity 
is drastically and qualitatively changed with the Pr con- 
centration. For x<0.05, the specific heat AC/T indicates 
an NFL behavior with an enhancement of AC/T below 
1.5 K, which can bo scaled with a characteristic temper- 
ature T* defined at each concentration x. The electri- 
cal resistivity in the corresponding temperature region 
shows a marked decrease deviating from a Fermi-liquid 
behavior p{T)(xT'^. We suppose that the Kondo effect 
arising from the correlation between the dilute Fs mo- 
ments and the conduction electrons gives rise to such 
anomalous behavior. 
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